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Abstract
The Energy & Environmental Research Center analyzed formation water extraction from carbon dioxide (CO2) storage 
reservoirs under a project jointly sponsored by the IEA Greenhouse Gas R&D Programme and the U.S. Department of Energy. 
This paper presents some of the results of this project, which included a study of the impacts of formation water extraction on 
CO2 storage as well as the potential for the beneficial use of the extracted water. This paper also identifies several beneficial use 
options for the extracted water and candidate treatment technologies to achieve the water quality required by these end uses.
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1. Introduction
Deep saline formations (DSFs) constitute the largest potential global resource for the geologic storage of carbon 
dioxide (CO2). Their use is, in turn, crucial to the successful scale-up of storage from pilot and demonstration 
projects to commercial operations. Active reservoir management through formation water extraction is a potential 
method for maximizing the utility of DSFs for CO2 storage and thereby reducing some of the associated costs. 
Extraction of formation waters from CO2 storage has the potential to improve reservoir storage volumes, aid in 
management of CO2 plume migration, reduce cap rock exposure to CO2, manage storage reservoir pressure, and/or 
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generate new sources of water for a variety of beneficial surface uses. It is expected that, in most cases, any extracted 
water would be managed through direct injection into an appropriate overlying saline formation. However, indirect 
benefits derived from the treatment and sale of the extracted water may provide additional economic incentives or 
cost offsets for formation water extraction. 
The quality of the extracted formation water, combined with the water quality requirements of the beneficial use 
options, will dictate the potential success for this water management strategy. Of particular interest in formation 
water from a carbon capture and storage (CCS) site is the concentration of total dissolved solids (TDS), which is the 
focus of this study. Generally, potential CO2 storage formations are required to have formation water with a TDS 
concentration of 10,000 mg/L or greater as waters with lower salinities are considered potential drinking water 
sources. As such, extracted water quality will vary from low-salinity waters of slightly greater than 10,000 mg/L
from depleted oil and gas reservoirs to very high salinity waters of 300,000 to 400,000 mg/L from deep saline 
formations. Frequently beneficial use options require TDS concentrations ranging anywhere from 175 mg/L
(irrigation with no limitations) to as high as 13,000 mg/L (livestock [sheep] drinking water). There are also water use 
options where higher salinity is not a primary concern or even an asset, including recovery of geothermal heat, salts, 
and/or minerals. Ideally, an assessment of these water management strategies will occur prior to project 
implementation, as formation water quality data are gathered concerning TDS and specific ions present, as well as 
organics, radionuclides, pH, alkalinity, hardness, temperature, and other “common” water quality measures will 
ultimately dictate the water management strategies to be employed.
2. Formation water extraction and CO2 storage
2.1. Improved reservoir pressure management
Use of formation water extraction schemes, or active reservoir management, has been proposed as a way of 
mitigating concerns of overpressurization within a reservoir and interference from other CO2 injection projects or 
other injection wells [1–3]. Adding these extraction wells could improve injectivity and reduce the number of 
required CO2 injection wells, depending upon site-specific conditions. In addition, the production of formation water 
will require surface facilities to treat and/or dispose of the water. This approach for pressure management of the 
reservoir will be economical only if the cost reduction associated with fewer CO2 injection wells is greater than the 
cost increase associated with the additional surface water management facilities.
2.2. Reduction in monitoring requirements 
In addition to pressure management in the reservoir, the strategic placement of formation water extraction wells 
could influence the development of mobile, free-phase CO2 plumes, by either drawing the plume toward a desired 
storage trap or discouraging migration from a desired location. These mobile plumes are another primary concern for 
most monitoring, verification, and accounting (MVA) activities and injection permits [4]. The ultimate size, location, 
and migration pathways of these plumes must be adequately described prior to the start of any CO2 storage project to 
determine the appropriate area of review (AoR) [5]. A reduction in the extent of the CO2 plume will decrease the 
size of the AoR, which will likely reduce the monitoring costs associated with large-scale storage projects as costs 
associated with the number of monitoring wells, monitoring through seismic surveys, and surface-monitoring 
activities are directly related to the size of the area being monitored. These reductions in the cost of monitoring could 
be substantial and, in some instances, may be enough to justify the added costs of installing and operating the 
formation water extraction wells and associated surface facilities. However, a variety of site-specific variables will 
factor into these costs, which will require a site-specific economic evaluation to assess this economic trade-off.
2.3. Improved CO2 storage capacity
Formation water extraction can also be utilized to increase the overall capacity of an injection target [2,3]. These 
extraction wells may be used to increase the pore space available for storage throughout the reservoir. The greatest 
efficiencies may be achieved by extracting formation water from underneath the buoyant CO2 plume, drawing it 
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downward, and thereby making more efficient use of the available reservoir space [2]. The potential storage gains 
will be dictated by reservoir temperature, pressure, heterogeneity (which will influence how the CO2 migrates 
toward the water extraction wells), structure, and other site-specific factors. Most DSFs targeted for storage are 
expected to be open systems, where formation fluids and increased pressures will be able to bleed off into the 
portions of the reservoir surrounding the storage target. This allows the reservoir to (eventually) return to initial 
pressure conditions during the postinjection phase. Reservoir pressure could also be maintained below the fracture 
pressure for much longer time periods during the injection phase with the use of the formation water extraction 
wells, thereby greatly enhancing overall storage capacity. The goal of this strategy is an increase in storage capacity 
of an injection target and, ultimately, a reduction in the unit cost of CO2 storage.
3. Potential quantity and quality of extracted formation water
Treatment and utilization of extracted formation water for a beneficial surface use should be evaluated when 
considering extraction of formation water. The potential for beneficial use is largely dependent on the quality of the 
water present in the target formation and the water quality requirements of the proposed beneficial use. While the
majority of storage targets are unlikely to contain economically treatable formation water, there are regions of the 
globe where available water resources are highly limited, storage formation water is of reasonable quality (perhaps 
below 50,000 ppm TDS), and treatment to achieve this end use may be economically viable. Potential beneficial 
uses and treatment options are described in subsequent sections.
3.1. Estimates of formation water quantity 
As shown in Fig. 1, the International Energy Agency (IEA) BLUE Map scenario for 2005–2050 indicates that 
19% of the 48-Gt/year CO2 emission reductions that are targeted for 2050 needs to come from CCS [6]. This means 
that, in the year 2050, there could be a global need for the geologic storage of 9.12 Gt/year of CO2 (this is a 
conservative estimate as an additional 20%–25% of CO2 could be generated by carbon capture processes and is not 
accounted for in these figures). The question then becomes, how much water extraction may be needed to assist in 
these storage efforts, and how much of this water might be put to beneficial use?
If water extraction were used to achieve all of the CO2 storage required by the IEA scenario, and it is assumed 
that 1 tonne of injected CO2 (800 g/L density at about 100°C and 5000 kPa) would displace 1.25 m3 of reservoir 
fluid, an extracted-water volume of 11.4 Gm3/year (31.2 million m3/day) of water would be required to replace the 
9.12 Gt/year of CO2. This volume of water is equivalent to 39% of the global purified water production currently 
generated by desalination of seawater [7]. While it is likely that much of the extracted water will be too saline to be 
put to beneficial use, a significant amount may be of sufficiently low salinity (10,000 to 50,000 mg/L TDS) to be 
economically treated and converted to potable water. 
Fig. 1. Emission reduction techniques [6] to achieve overall reduction of 48 Gt/year of CO2 by the year 2050. 19% of this reduction will come 
from CCS applications.
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To place these volume estimates of formation extraction water into perspective, it has been estimated that for a 
modern 1-GW integrated gasification combined-cycle (IGCC) plant generating 7.5 million m3 CO2/year, treating 
extracted formation fluid could provide 50% of the plant’s operating water requirements, including cooling demand 
[8]. This estimate includes potential energy savings provided by the thermal and pressure energy present in the 
extracted fluid. Water requirements for cooling at power plants utilizing postcombustion carbon capture are higher 
than those for IGCC facilities. Phillips [9] of the Electric Power Research Institute (EPRI) estimated 30% of the 
water requirements for a coal fired-power plant utilizing wet cooling could be supplied by water extracted at a 1:1 
volume ratio of CO2 and water (CO2 density = 800 g/L) based on storage of the captured CO2. Furthermore, the 
water demand of both the IGCC and the supercritical boiler combustion systems could be decreased to levels below
the extracted-water production volumes if dry cooling and, possibly, even hybrid cooling were used. In these 
instances, the combination of the power system and CCS operation could provide both power and water to a region.
3.2. Estimates of formation water quality
The quality of extracted formation waters will vary from low-salinity waters associated with former oil and gas 
reservoirs, where hydrocarbons may be the main component of concern, to very high salinity waters where 
beneficial use of the water may be unlikely, but options for recovery of the geothermal heat, salts, and/or minerals 
may be a viable option.
In many countries (e.g., United States, Canada, others), regulatory limits have been set for the lowest-salinity 
waters that may be present in the targeted injection zones of CCS. These restrictions have been placed to protect 
sources of water that may be sources of future potable water. For example, in the United States, waters with salt 
concentrations of less than 10,000 ppm are considered protected as potential sources of drinking water. Therefore, 
CO2 storage in these aquifers will require special permits or exemptions. If the low-salinity groundwater is 
associated with oil or gas production, other water quality parameters (e.g., dissolved hydrocarbons) may prevent it 
from being considered as a potential source of potable water and facilitate the process of gaining permission to use it 
for CO2 storage.
Extracted formation water will contain a variety of constituents that will need to be removed before the water can 
be put to beneficial use. The constituents of primary focus for this study are the dissolved inorganic ions, which 
constitute the salinity or TDS of the water. Since desalination to remove the TDS will likely be required of most, if 
not all, formation water prior to beneficial use, the other constituents that may be encountered in the formation water 
are listed below and briefly discussed in terms of their potential impact on desalination technologies:
x Dissolved gases – Removal of fixed gases (e.g., N2, O2) and CO2 are common steps in pretreatment prior to 
desalination. However, the removal of methane and other gaseous hydrocarbon may also be necessary for some 
waters and end uses. Hydrogen sulfide removal as a gas may also be desirable and/or required in some cases.
x Particulates – Sand, silt, and other particulate materials can be present in extracted water. Filtration of these 
materials is required prior to desalination as well as many other potential end uses.
x Hydrocarbons – Crude oil can potentially be present as dispersed, colloidal, emulsified, or suspended material, 
particularly where the target injection zone is an oil or gas reservoir. Recovery of useful product is always 
desirable, followed by removal of residual hydrocarbons prior to desalination.
x Dissolved organics – Dissolved organics may be present, particularly in water from formations containing oil and 
gas. Low levels of dissolved organics are not generally considered a problem for desalination, but removal of 
higher concentrations using physical, chemical, and/or biological processes may be necessary. The produced-
water literature contains significant coverage of this issue [10].
x Dissolved salts (typically measured as TDS) are of particular concern, including scale-forming components, toxic 
inorganics (e.g., arsenic, heavy metals, nitrates), and naturally occurring radioactive material (NORM) (e.g., 
radium, uranium). It may be necessary or desirable to pretreat the water for the removal of some of these 
compounds to provide for more reliable and lower-cost desalination. It may also be necessary to control the 
concentration of toxic inorganics and NORM in rejected waste brine.
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Salinity and the chemical makeup of the dissolved species in the formation water are highly dependent on the 
characteristics of the formation and cannot be simply inferred from geographic location or depth. While it will 
always be necessary to perform a detailed analysis of the water in a target formation before the potential for use of 
the extracted water can be fully realized, some information is available in the literature where oil and gas exploration 
and development have been most active. As part of the IEA Greenhouse Gas R&D Programme (IEAGHG) project 
“Development of Storage Coefficients for CO2 Storage in Deep Saline Formations” [11], the Energy & 
Environmental Research Center (EERC) built the Average Global Database (AGD) for use in estimating CO2
storage resource/capacity. The database contains 20,938 records from 23 countries. Table 1 includes a summary of 
the data from the AGD for all wells listed as having a depth of greater than 800 m and for which a TDS value was 
also reported. Table 1 lists the number of entries for each country and, where possible, the mean, median, minimum, 
and maximum value of the data collected for each country. The database contains values that are predominantly 
from the United States; simply evaluating the data by country provides a poor description of global water quality. 
The database indicates that there is a need for collection and compilation of deep saline aquifer water quality data if 
global estimates are to be made of the potential for desalination and beneficial use of extracted water.
Groundwater data with detailed chemical analyses are even more difficult to find than those that contain a 
measure of TDS concentration. The most comprehensive database found is the NATCARB (National Carbon 
Sequestration Database and Geographic Information System) saline/water database [12], which covers the United 
States. Most of the saline data in the database, especially those data associated with deeper formations, come from 
locations associated with oil and gas exploration and development. 
The NATCARB database is easily searched for water quality information by state and county using online tools 
(www.natcarbviewer.org/). These data can then be further evaluated based on a formation within the selected state or 
county and further segregated by formation within the selected geographic location. Box plots and Piper diagrams 
can then be produced. Ideally, looking to the future, an international database similar to the NATCARB database 
would be available for researchers, decision makers, and policy makers.
Veil and others [13] and Wolery and others [14] have analyzed a great deal of the NATCARB saline groundwater 
data and used a subset of the U.S. Geological Survey (USGS) Produced Waters Database [15] for compositions 
based on location, dividing this information by U.S. Department of Energy (DOE) Regional Carbon Sequestration 
Partnership region [15] and by U.S. state [14]. From this effort, Wolery and others [14] concluded that the following 
three types of saline formation waters seem to be common:
x NaCl-dominated waters with TDS ranges from approximately that of seawater (36,000 mg/L) up to 
~350,000 mg/L TDS.
x Water dominated by Na–Ca–Cl with TDS generally above that of seawater and as high as ~400,000 mg/L TDS.
x “High-sulfate” waters (Na–Cl–SO4), typically from basins in the Rocky Mountain region, with TDS ranging 
from <10,000 to ~110,000 mg/L.
Table 1. Salinity values (TDS in mg/L) from AGD. 
United States Australia Germany Canada Brazil China Japan Saudi Arabia
Number of Entries 1597 17 5 5 4 2 1 1
Mean 78,236 32,487 230,671 192,908 97,986 129,500 6100 137,000
Std. Dev. 69,686 44,436 4140 18,039 64,037 170,413
Minimum 0.23 7000 224,928 178,948 55,533 9000
5% 2300
1st Quartile 23,000 12,905 227,859 180,009 61,343
Median 58,687 25,182 232,772 191,000 71,819
3rd Quartile 124,000 33,788 232,795 191,120 108,462
95% 200,000
Maximum 400,000 200,000 235,000 223,462 192,773 250,000
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These authors further state that HCO3-rich formation waters related to the high-sulfate formation waters mostly 
have low TDS values, <10,000 mg/L. These results also indicate that depth cannot be used as local proxy for 
formation water quality when a potential target is evaluated for implementation of CO2 storage with water 
extraction.
Ideally, prior to formation water extraction, operators would obtain information concerning TDS, specific ions 
present, organics, radionuclides, pH, alkalinity, hardness, temperature, and other common water quality measures. 
By doing so, any potential for beneficial use for that water could be identified and evaluated at that time as part of 
the assessment of the economic tradeoffs previously discussed in Section 2.0. Depending on the previous activities 
that have been conducted at the site, these data may or may not be available prior to conducting a site-specific 
investigation in support of the CCS project.
4. Water management options
Most DSFs contain water with high salinity, which limits the potential for beneficial use. Generally speaking, the 
cost of treatment increases rapidly with increasing TDS. The authors expect that the vast majority of CO2 storage in 
DSFs will not generate viable water for beneficial use. Instead, it is expected that the majority of extracted water will 
be directly disposed of into either another portion of the target formation or another disposal formation. In offshore 
locations, disposal may occur through direct discharge to the ocean in accordance with local wastewater disposal 
regulations. These are common and established industry practices for managing oil and gas produced water. 
Although there are numerous potential applications for extracted water, the actual opportunities for implementation
are anticipated to be limited and driven by site-specific conditions.
Direct use of the water may include geothermal energy recovery or an alternative injection strategy referred to as 
surface dissolution of CO2. A variety of other water uses may be possible if treatment of the extracted water to the 
desired end points is economically viable. Given the appropriate water quality, several water treatment options that 
may be economically viable are membrane/filtration and thermal processes. Following treatment, potential beneficial 
uses of the water may include industrial cooling water or process feedwater, a variety of agricultural uses, and a 
source of potable water. The water quality required for each beneficial use and the associated permitting 
requirements vary greatly. Potential synergies at a CCS operation between water use and storage operations (e.g., 
extracted formation water for cooling at the facility that provides CO2 to the storage project) may also exist.
4.1. Direct use
Water quality requirements for one direct use option for the extracted water, geothermal energy recovery, are 
minimally restrictive. There is no limit on TDS or specific chemistry of water, but there are practical limits based on 
scaling and corrosion potential [16]. Scaling is typically controlled through the use of chemical additives injected 
downhole to keep scaling from forming in the well. Table 2 summarizes the major scale-forming mechanisms and 
mitigation options for geothermal systems. Corrosion is typically controlled through selection of corrosion-resistant 
materials and the addition of chemical additives used for controlling corrosion.
Table 2. Summary of geothermal scale formation mechanisms and mitigation options [16].
Chemical Species Drivers of Scale Formation Mitigation Options
Metal Sulfide Ļ7HPSHUDWXUHĹS+Ļ oxidation state, 
ĻGLVVROYHGhydrogen sulfide (H2S)
Oxidation of geofluid; acidification of geofluid
Calcium Carbonate (calcite) Ĺ 7HPSHUDWXUHĹS+ĻGLVVROYHG&22 Pressurization of geofluid in the well bore; injection of 
specialized scale inhibitors
Silicon Dioxide (silica) Ļ7HPSHUDWXUHĹ6L22 concentration, 
pH close to neutral
Modification of system operating conditions to minimize 
oversaturation; modification of geofluid pH
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Another potential direct use option is to dissolve the CO2 directly into the saline water extracted from the storage 
target and subsequently reinject the CO2-saturated fluid. This is referred to as the “surface dissolution approach” to 
carbon storage [17–19]. The CO2-saturated fluid is denser than the existing formation fluid, which reduces the 
likelihood of buoyant flow and increases the chances of permanent, stable storage. The solubility of CO2 in the 
formation fluid is dependent on the temperature, pressure, and salinity of the formation fluid. 
4.2. Beneficial use: treatment options and water quality requirements
Most beneficial use options for extracted formation water will require the removal of TDS, or the desalination of 
the water. The most common large-volume desalination technologies are the thermal processes: multistage flash
(MSF) distillation, multiple effect distillation (MED), and MED combined with thermal vapor compression (MED–
TVC). The most common membrane systems are reverse osmosis (RO), nanofiltration (NF), and electrodialysis 
reversal (EDR). MSF, MED–TVC, and RO are the most widely applied methods for seawater desalination or 
treatment of other highly saline waters. NF is sometimes used as a pretreatment step prior to RO and thermal 
processes because it is effective at removing scale-forming ions. As with most water treatment strategies, one of the 
primary challenges to achieving effective treatment of extracted water is due to the variation in composition both 
with location and over time.
4.2.1. Desalination technology trends
In most cases, the water quality of most CO2-extracted formation water must be substantially improved to be 
considered for beneficial use. These uses include geothermal heat recovery, various agricultural applications, 
industrial applications such as thermoelectric power facilities, and as a drinking water source. The quality of water 
required for each of these uses varies and, in some instances, consists of very narrow ranges of acceptability. Since 
the level of treatment required will vary based on the quality of the extracted water and the water quality 
requirements of the potential use, the economic viability of these beneficial use options is expected to vary highly by 
location.
Treatment of saline extracted waters up to concentrations as high as that in seawater is likely to be economically 
feasible, especially in areas of significant water demand and low freshwater availability. Globally, the market for 
desalination has risen dramatically over the past 20 years as the cost of desalination has come down. At the same 
time, the cost of traditional water treatment has risen as has the cost of transporting freshwater long distances. The 
primary reasons desalination costs have decreased include:
x Increased use of collocation of thermal desalination plants with power plants to facilitate the use of the waste heat 
of the power plant to drive water evaporation in the thermal desalination processes. This has been especially 
important in the Middle East.
x Economies of scale and/or better optimization of the size of the desalination facilities.
x Implementation of energy recovery on RO systems.
x Improved membranes and membrane modules, i.e., larger membrane module diameters.
x Improved pretreatment options, especially with the increased use of nanofiltration as a pretreatment in RO 
systems.
x Increased use and optimization of hybrid systems.
Systems incorporating renewable energy as part of the desalination project have also been implemented to 
improve the treatment economics. These types of projects are particularly popular in Australia (wind power) and 
Saudi Arabia (solar electric).
4.2.1.1. Desalination technology options
The three major high-volume water desalination technologies are RO, MSF, and MED. While several plants exist 
that use MED alone without employing another integrated desalination technology, effectively all recent MED 
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facilities are hybrid plants that most commonly integrate the use of TVC with MED. Part of the reason these three 
systems—RO, MSF, and MED–TVC—are the most popular for high-volume applications is that they are all 
applicable to the use of seawater and higher-concentration brackish water as the feedwater (Fig. 2). The only other 
desalination system that has been commonly applied for high-volume applications at reasonable frequency is EDR. 
Application of EDR at high production volumes is generally limited to desalination of low-concentration brackish 
waters. 
4.2.1.2. Desalination pretreatment requirements
Pretreatment is almost always required prior to desalination. The level of pretreatment required for the thermal 
processes is typically less than that required for the membrane/filtration processes.
Pretreatment steps include removal of suspended solids (e.g., silt, organic or inorganic debris), nonaqueous-phase 
liquids (e.g., oil), dissolved gases (e.g., CO2, N2, O2), and control of microbial growth [13]. A wide range of 
chemical compositions of formation water could potentially be involved when CCS and desalination are joined. 
Moreover, compositions can vary within similar lithologies (i.e., both sulfate- and chloride-dominated compositions 
can be present in sandstones) as well as within a single unit (i.e., two very different chemical compositions in a 
single formation), depending on the location within a formation. Defining an appropriate pretreatment strategy 
requires careful characterization of the formation water and a facility design that is optimized to cost-effectively 
treat the specific input composition to meet the desired treatment objectives.
4.2.2. Beneficial use options and water quality requirements
The quality of water required for the beneficial use of the extracted formation water varies based on the intended 
use of that water, which will influence the nature and extent of the treatment. Potential beneficial uses include use of 
the heat in the extracted water as a source of energy through geothermal energy recovery, use of the water directly 
with minimal treatment (e.g., cooling water makeup), and a wide variety of uses that typically will require treatment 
using desalination and, possibly, other technologies. Information on a variety of potential uses and their water 
quality requirements is provided in the remainder of this section.
Fig. 2. Acceptable water quality ranges for a variety of desalination treatment technologies and resulting ranges of brine reject concentrations [1].
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4.2.2.1. Cooling water makeup
Generally, it is desirable to have relatively high quality water for use as makeup water for recirculated cooling 
water operations; however, it is possible to use water with relatively high TDS, provided that scaling and corrosion 
problems are controlled. In this case, the challenge is to maximize the number of cycles of concentration and to cost-
effectively manage the concentrated waste brine. The effect of the water quality of makeup water on the operation of 
cooling towers is addressed in considerable detail by Maulbetsch and DiFilippo [20]. They examined the use of 
fresh, brackish, saline, and reclaimed water as the cooling water supply for a 500-MW-nominal gas-fired combined-
cycle power plant. The use of freshwater allowed for ten cycles of concentration, with disposal of the concentrated 
blowdown directly into the environment or into a municipal treatment facility. The use of reclaimed (i.e., treated 
municipal effluent) water resulted in five cycles of concentration, with disposal of the concentrated blowdown back 
to a municipal treatment facility; however, reclaimed water use with further treatment of the blowdown using an 
evaporator/crystallizer yielded ten to 12 cycles of concentration and zero liquid discharge (ZLD). A low silica 
concentration was recognized as important for achieving the highest cycles of concentration. As the TDS 
concentration increased to 2000 and 5000 mg/L, i.e., brackish water, five to ten cycles of concentration were 
possible, with the cooling water blowdown treated using high-efficiency reverse osmosis (HERO) and crystallizers 
for ZLD.
Finally, saline water (>5000 mg/L TDS) could be used in a manner similar to the brackish waters, with maximum 
cycles of concentration as high as five to eight with ZLD. A more recent report by the same authors concentrated on 
the use of seawater-fed cooling towers [21]. That report details design, operation, and cost concerns for operation of 
cooling towers with saline or brackish water and lists several concerns that limit the cycles of concentration that can 
be achieved. The primary limitations are associated with the maximum concentration of dissolved species that can 
be present in the blowdown. Specifically, they indicate limitations on the concentrations of toxic species that can be 
discharged (e.g., arsenic, copper, mercury, silver, zinc) and a limitation on the concentration of TDS that can be 
discharged to a municipal treatment plant (listed as 50,000 to 70,000 ppm).
These limitations will significantly reduce the acceptable cycles of concentration that can be achieved where the 
blowdown is discharged to the ocean (typically the constraining limit is a toxic metal concentration) or a municipal 
treatment plant. In these instances, the increased cycles of concentration can only be achieved if further treatment of 
the blowdown water is performed as was suggested in Maulbetsch and DiFilippo [20]. However, in their more 
recent publication [21], they draw the following conclusion:
“Treatment, volume reduction, or on-site disposal of the blowdown stream would be 
prohibitively expensive. For towers operating on seawater makeup at two cycles of 
concentration, the blowdown rates are very high—on the order of 10 gpm/MW, or 5000 gpm 
for a 500-MW steam plant. The cost of evaporation ponds, even if the plant were located in 
an area with a high net annual evaporation rate, would be extremely high—on the order of a 
few hundred million dollars. The cost of evaporator/crystallizer systems, frequently used on 
zero discharge plants but at far lower input rates, would be equally unacceptable (p. 22).”
Although this suggests that treatment costs are generally too high to allow for further treatment of the blowdown, 
there are facilities where cooling water will be used in a ZLD scenario. These are likely to be where hybrid cooling 
is used to gain greater efficiencies than can be achieved with dry cooling. In these cases, the water use rates will be 
much lower than for a 100% wet cooling design but will allow for much greater cooling efficiency and a lower 
likelihood of the need to decrease plant output during seasonally hot days. Together, the lower water use rate and 
higher efficiency will make the use of ZLD cooling much more economically feasible [22].
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4.2.2.2. Agriculture uses
Irrigation
Salt-related water quality requirements, salinity and sodium adsorption ratio (SAR), are critical when considering 
irrigation as a beneficial use strategy, although organic constituent content may also be of concern for some 
formation waters. Alkalinity, pH, nitrate, and other water quality parameters may also have an impact on this water 
use, but salinity and SAR are the parameters of primary importance. If the salinity and SAR characteristics are 
within acceptable limits, it is likely that the water will be acceptable for irrigation at relatively low cost, even if other 
parameters need to be adjusted to more favorable values. Salinity is a problem because of its effect on plants. The 
higher the salinity, the lower the water activity and the more difficult it becomes for the plant to extract water from 
the environment.
Sodium or, more accurately, SAR (ratio of sodium to calcium and magnesium) is an issue because of its effects 
on soils. Irrigation with high-SAR water will lead to breakdown of the soil structure. The soil becomes hard, 
compact, and relatively impervious to water penetration and loses its water-holding capacity. Table 3 provides 
information on acceptable values of salinity for irrigation waters. The information in the table is a general guide, as 
salinity limits are dependent on the plants being grown, the drainage conditions, and the specific irrigation 
management approach that is employed. In general, salinities below 525 ppm TDS will be acceptable unless the 
crop is particularly sensitive. Most of the data provided in Table 3 are from the work of Ayers and Westcot [23],
which contains significant detail on crop sensitivities to salinity and information on best practices for irrigation to 
minimize negative impacts on crop yields and soil fertility.
Table 4 provides guidelines concerning permissible SAR values for irrigation water as a function of soil type. 
Acceptable SAR values will also depend on the ratio of irrigation water used to rainfall as well as the total salinity 
of the water. The limit on the acceptable SAR with respect to its effect on infiltration rate (the speed at which water 
enters a soil) is a function of salinity, as very low salinity waters will cause problems with infiltration rates, even at
SAR values approaching zero. Higher SAR values are permissible with higher salinities [23]. Therefore, if 
desalination is used to treat extracted formation water destined for irrigation, it may be necessary to blend the treated 
water with some other source water to adjust the salinity or SAR, especially if the water will be used to irrigate more 
SAR-sensitive soils.
Livestock drinking water
The quality of water acceptable to livestock is similar, in general, to the quality of water acceptable to humans. It 
should not contain unacceptable concentrations of potential toxicants, it should be microbially acceptable so as not 
to risk the spread of disease, and it should have an acceptable taste and odor. Like humans, if given the choice, 
livestock will consume pleasant-tasting but unsafe water while avoiding consumption of unpleasant-tasting water of 
acceptable quality. Extensive coverage of livestock water quality issues is readily available in fact sheets and other 
publications from cooperative extension services and various national departments of agriculture. A widely
Table 3. Acceptability of water salinities for irrigation [23].
Limitations on Use EC,1 mS/cm (25°C) TDS, mg/L
None 0.25–0.75 175–525
Some2 0.75–1.5 525–1050
Moderate3 1.5–3.0 1050–2100
Severe3 >3.0 >2100
1 Electrical conductivity.
2 Leaching is required, particularly higher in this range.
3 Very good drainage is needed; sensitive plants may have difficulty at germination.
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Table 4. Permissible SAR of irrigation water [24].
Permissible Irrigation Water SAR
Clay Mineralogy Expressed as CCR,* mmol/kg
Clay Content, % Soil Texture <0.35 0.35–0.55 0.55–0.75 0.75–0.95 >0.95
<15 Sand, sandy loam >20 >20 >20 >20 >20
15–25 Loam, silty loam 20 11 10 10 8
25–35 Clay loam 13 11 8 5 6
35–45 Light clay 11 8 5 5 5
45–55 Medium clay 10 5 5 5 5
55–65 Medium–heavy clay 5 5 5 4 4
65–75 Heavy clay – 4 4 4 4
75–85 Heavy clay – – 4 5 5
* Cation exchange capacity/clay ratio.
referenced table from that work provides guidance concerning the effect of salinity of drinking water on livestock 
and is provided here as Table 5. More detailed information from the Environment and Conservation Council and the 
Agricultural and Resource Management Council of Australia and New Zealand lists salinity concentrations 
acceptable to different animals. This table reveals that the limit on TDS for poultry is between 3000 and 4000 mg/L, 
while that for sheep can be as high as 10,000 to 13,000 mg/L if they are grazing on lush green feed.
4.2.2.3. Cement and concrete production
Water quality limits for cement and concrete production are covered in detail in a report by Cement, Concrete 
and Aggregates Australia [25]. The document examines the use of reclaimed water for use in mixing cement and 
concrete, dealing with contaminants that may be present in water reclaimed from industrial and municipal 
wastewater as well as groundwater and wellbore water. Direct use of sewage is also considered. Table 6 lists the 
negative effects that various classes of impurities can have on the properties of concrete. Greater details given in 
other tables in this publication indicate a generally acceptable TDS limit of <2000 ppm and a limit for total
Table 5. Effect of salinity of drinking water on livestock and poultry [26,27].
Soluble Salt, mg/L Effect
<1000 Low level of salinity; presents no serious burden to any class of livestock or poultry.
1000 to 2999 
Satisfactory for all classes of livestock and poultry; may cause temporary, mild diarrhea in livestock and water 
droppings in poultry at higher levels; no effect on health or performance.
3000 to 4999 
Satisfactory for livestock; may cause temporary diarrhea or be refused by animals not accustomed to it; poor 
water for poultry causing watery feces and, at high levels, increased mortality and decreased growth (especially 
in turkeys).
5000 to 6999 
Reasonably safe for dairy and beef cattle, sheep, swine, and horses; avoid use for pregnant or lactating animals; 
not acceptable for poultry as it causes decreased growth and production or increased mortality.
7000 to 10,000 
Unfit for poultry and swine; risk in using for pregnant or lactating cows, horses, and sheep, or the young of these 
species, or animals subjected to heavy heat stress or water loss; use should be avoided, although older ruminants, 
horses, poultry, and swine may subsist for long periods under conditions of low stress.
>10,000 Risks are great; cannot be recommended for use under any conditions.
7184   Ryan J. Klapperich et al. /  Energy Procedia  63 ( 2014 )  7173 – 7186 
Table 6. Effects of impurities in mixing water on some properties of concrete.
Impurity Effect
Oil, Fat, or Detergents Air entrainment possible
Calcium Chloride and Some Other Calcium Salts Probability of set acceleration
Sugar, Salt or Zinc, Lead, and a Range of Other Inorganic and Organic Materials Probability of set retardation
Chloride Ions Strong probability of steel corrosion
impurities between 5000 and 10,000 ppm. Further testing should be done whenever a water of lower purity is being 
considered for use, especially if any of these suggested limits are exceeded. One particular limit that would be very 
relevant to the potential use of water extracted from saline reservoirs is that for chloride ions. These limits are fairly 
strict, depending on the type and use of the concrete. Both ASTM International C94 and EN 1008 require chloride 
concentrations below 500 ppm for prestressed concrete and grout and/or bridge decks and below 1000 ppm for 
reinforced concrete. EN 1008 allows chloride content as high as 4500 ppm without reinforcement.
4.2.2.4. Drinking water
To ensure the safety of drinking water, regulatory agencies set specific quality standards. Some of these standards 
are mandatory requirements, i.e., primary standards; some are recommended, or nonmandatory, standards, i.e., 
secondary standards. The primary standards are set to protect the public against consumption of drinking water 
contaminants that present a risk to human health. The secondary standards are established as guidelines to assist 
public water systems in managing their drinking water for aesthetic considerations.
In the United States, the primary drinking water standards regulate microorganisms, disinfectants, disinfectant 
by-products, several inorganic chemicals (mostly heavy metals, nitrate, and nitrite), many organic chemicals (mostly 
solvents and pesticides), and radionuclides. The secondary drinking water regulations include recommendations for 
lower concentrations of some of the inorganic compounds listed in the primary regulations, and it is here that limits 
are set on color, odor, corrosivity, pH, and TDS. To be clear, the secondary standard of the U.S. Environmental 
Protection Agency for TDS of 500 mg/L is a recommended limit, which is not enforced. As such, a community can 
choose to accept water at a higher TDS if it so chooses.
The World Health Organization has concluded that water containing TDS at concentrations below 1000 mg/L is 
generally acceptable to consumers [28]. However, concentrations of TDS in public water supplies in some areas of 
the United States are often well above 1000 mg/L. An informal survey was performed by accessing water reports 
available online. One U.S. city, Midland, Texas, was identified in this survey as having particularly high TDS levels 
in its potable water. The values reported as the average TDS for the period of 2005–2009 [29] were 1890 mg/L and 
for 2010 was 1990 mg/L [30]. Similar to the United States, Australia has regulatory guidelines for drinking water 
based on health and aesthetics [31] with no set limit for TDS based on health. The aesthetic limit in Australia is 
given as 600 mg/L, and further comments are provided indicating the aesthetic limit is based on taste and
appearance:
x <600 mg/L is regarded as good-quality drinking water.
x 600–900 mg/L is regarded as fair quality.
x 900–1200 mg/L is regarded as poor quality.
x >1200 mg/L is regarded as unacceptable.
5. Conclusions and recommendations
The treatment of extracted formation water for beneficial use is technically feasible. Treatment technologies and 
systems exist or can be designed to manage the volumes and rates of extracted water that may be derived from 
storage activities for several potential beneficial uses. However, it is highly unlikely that any extracted formation 
water would be put to beneficial use for CO2 storage locations that are offshore or in coastal areas. The potential 
cost savings for use of an extracted formation water in place of seawater for desalination appear to be too small, 
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even for a salinity as low as 10,000 mg/L TDS, to justify this use. Use of the extracted formation water would likely 
place greater uncertainties on supply, as ocean sources would be more reliable and longer-term than CO2 storage 
projects.
In higher-TDS locations, it is also unlikely that treatment and beneficial reuse of the extracted formation water 
would be pursued. While technologies exist to treat brines with the encountered range of dissolved solids, the cost 
associated with treatment and implementation would likely be too high to justify. However, treatment and beneficial 
use may be feasible under certain site-specific conditions such as a combination of low-to-moderate extracted water
quality, availability of inexpensive energy, and sufficient local water demand. While an uninterrupted, sustainable 
supply is required as a municipal drinking water supply, extracted water could be a supplemental source of drinking 
water, particularly during periods of prolonged drought.
Several areas of additional and continued research should be implemented to improve the technology and 
encourage the beneficial use of extracting formation water in conjunction with CO2 storage projects. They are as 
follows:
x Collect detailed water quality data for potential CO2 storage targets, and develop a global database. This will aid 
in identifying targets with strong beneficial use potential and improving the cost estimates of water management 
strategies.
x Evaluate potential CO2 storage capacity gains through additional site-specific research to increase the 
understanding of the impacts of formation water extraction on CO2 storage capacity.
x Develop efficient mechanisms to link potential sources of extracted formation water to potential users of the 
extracted water. Recognition of the extracted water as a resource, it will be possible to identify water supply 
shortages or bottlenecks and properly evaluate the economic benefit of the possible beneficial uses.
x Conduct additional case studies to demonstrate the economic benefits of formation water extraction on a site-
specific basis. In particular, investigate how the benefit of optimized injection strategies, increased storage 
capacity, and reduced monitoring requirements relate to the increased costs of the additional infrastructure 
required (additional wells, surface treatment facilities, etc.).
x Reduce the costs of extracted formation water treatment to increase the potential sources of extracted water that 
may be beneficially used. Cost reductions may be found through improved technology, materials, or process 
efficiency. 
Acknowledgment
This work was prepared with support of the IEA Greenhouse Gas R&D Programme under 
Reference IEA/CON/11/189 and U.S. Department of Energy National Energy Technology Laboratory Cooperative 
Agreement No. DE-FC26-08NT43291. The authors would also like to thank former EERC employee Dr. Robert 
Cowan for his pivotal role in conducting this research and crafting the original report this work is based upon.
References
[1] IEA Greenhouse Gas R&D Programme. Extraction of formation waters from CO2 storage, 2012/12.
[2] Buscheck TA, Sun Y, Wolery TJ, Bourcier W, Tompson AFB, Jones ED, Friedmann SJ, Aines RD. Combining brine extraction, desalination, 
and residual-brine with CO2 storage in saline formations—implications for pressure management, capacity, and risk mitigation. Energy 
Procedia 2011;4:4283–4290.
[3] Court B, Elliot TR, Dammel J, Busheck TA, Rohmer J, Celia M. Promising synergies to address water, sequestration, legal, and public 
acceptance issues associated with large-scale implementation of CO2 sequestration. Mitigation and Adaptation Strategies for Global Change 
2012;17,6:569–599. 
[4] U.S. Environmental Protection Agency. Secondary drinking water regulations—guidance for nuisance chemicals, 2013. http://water.epa.gov/
drink/contaminants/secondarystandards.cfm (accessed July 2014).
[5] U.S. Environmental Protection Agency. Geologic Sequestration Class VI Wells. 2012, http://water.epa.gov/type/groundwater/uic/class6/ 
gsclass6wells.cfm (accessed June 2014).
[6] International Energy Agency. Energy technology perspectives—executive summary, 2008. www.iea.org/techno/etp/ETP_2008_
Exec_Sum_English.pdf (accessed July 2014).
7186   Ryan J. Klapperich et al. /  Energy Procedia  63 ( 2014 )  7173 – 7186 
[7] International Desalination Association. Desalination by the numbers, 2013. http://idadesal.org/desalination-101/desalination-by-the-numbers/
(accessed June 2014).
[8] Newmark RL, Friedmann SJ, Carroll SA. 2010. Water challenges for geologic carbon capture and sequestration. Environmental Management, 
February.
[9] Phillips J. Water use impacts of CO2 capture. In: Shi J, RFI informational webcast, 2011. Electric Power Research Institute (EPRI);
http://mydocs.epri.com/docs/publicmeetingmaterials/1102/PublicWebcast/RFI_Webcast_Recording_Details_2011-03-02.pdf (accessed June 
2014).
[10] Produced Water – Technological/Environmental Issues and Solutions, James P. Ray and F. Raner Engelhardt, Eds., Environmental Science 
Research, Volume 46, Plenum Press, New York, 1992.
[11] IEA Greenhouse Gas R&D Programme. Development of storage coefficients for CO2 storage in deep saline formations. 2009/13, October.
[12] NATCARB. Brine database, 2014. www.natcarbviewer.com/ (accessed 2014).
[13] Veil JA, Harto CB, McNemar AT. Management of water extracted from carbon sequestration projects—parallels to produced water 
management. Paper presented at Society of Petroleum Engineers SPE Americas E and P Health, Safety, Security, and Environmental 
Conference, March 21–23, 2011; SPE 140994.
[14] Wolery TJ, Bourcier WL, Aines RD. Brine treatment. NETL CO2 Storage and Water Projects WebEx, November 1, 2011.
[15] Blondes MS, Gans KD, Thordsen JJ, Reidy ME, Thomas B, Engle MA, Kharaka YK, Rowan EL. Geological Survey national water 
geochemical Database v2.0 (PROVISIONAL). U.S. Geological Survey, April. http://energy.usgs.gov/EnvironmentalAspects/ 
EnvironmentalAspectsofEnergyProductionandUse/ProducedWaters.aspx#3822349-data (accessed July 2014).
[16] Clark CE, Harto CB, Sullivan JL, Wang MQ. Water use in the development and operation of geothermal power plants, 2011. Argonne 
National Laboratory; www1.eere.energy.gov/geothermal/pdfs/geothermal_water_use.pdf (accessed July 2014).
[17] Jain L, Bryant SL. Optimal design of injection/extraction wells for the surface dissolution of CO2 storage strategy: Energy Procedia 2011;4:
4299–4306.
[18] Burton M, Bryant SL. Eliminating buoyant migration of sequestered CO2 through surface dissolution—implementation costs and technical 
challenges: SPE Reserv Eval Eng 2009;12:399–407.
[19] Leonenko Y, Keith DW. Reservoir engineering to accelerate the dissolution of CO2 stored in aquifers: Environ Sci Technol 2008;42:2742–
2747.
[20] Maulbetsch JS, DiFilippo MN. 2006. Cost and value of water use at combined-cycle power plants. California Energy Commission PIER 
Energy-Related Environmental Research Program. CEC-500-2006-034. www.energy.ca.gov/2006publications/CEC-500-2006-034/CEC-500-
2006-034.PDF (accessed June 2014).
[21] Maulbetsch JS, DiFilippo MN. Performance, cost and environmental effects of saltwater cooling towers. California Energy Commission 
PIER Energy-Related Environmental Research Program. CEC-500-2008-043. www.energy.ca.gov/2008publications/CEC-500-2008-
043/CEC-500-2008-043.PDF (accessed June 2014).
[22] Duke D. ZLD—new silica based inhibitor chemistry permits cost-effective water conservation for HVAC and industrial cooling towers. The 
International Water Conference 68th Annual Meeting, Orlando, Florida; www.watercti.com/pdf/IWC_07-11_Report.pdf; IWC Report 07-11, 
2007; p. 10 (accessed June 2014).
[23] Ayers RS, Westcot DW. Water quality of agriculture. FAO Irrigation and Drainage Paper, 29 Rev. 1, 1994.
www.fao.org/docrep/003/t0234e/t0234E00.htm (accessed June 2014).
[24] Environment Australia. Australian and New Zealand guidelines for fresh and marine water quality: volume 3—primary industries—rationale 
and background information—section 9.2 Water quality for irrigation and general use. Australian and New Zealand Environment and 
Conservation Council, Agriculture and Resource Management Council of Australia and New Zealand,
2000. www.mincos.gov.au/__data/assets/pdf_file/0018/316143/gfmwq-guidelinesvol3-9-2.pdf (accessed June 2014).
[25] Cement Concrete and Aggregates Australia. Use of recycled water in concrete production, 2007. www.concrete.net.au/publications/pdf/
RecycledWater.pdf (accessed June 2014).
[26] National Research Council. Nutrients and toxic substances in water for livestock and poultry. Washington, DC: National Academy Press, 
1974.
[27] Pfost DL, Fulhage CD, Casteel S. Water quality for livestock drinking. MU Extension, University of Missouri-Columbia, 2001.
http://extension.missouri.edu/p/EQ381 and http://extension.missouri.edu/explorepdf/envqual/eq0381.pdf (accessed June 2014).
[28] World Health Organization. Total dissolved solids in drinking-water, 2003. www.who.int/water_sanitation_health/dwq/chemicals/tds.pdf 
(accessed June 2014).
[29] Midland. Water quality report, 2009. www.midlandtexas.gov/departments/utilities/pdf/WaterRpt2009.pdf (accessed June 2014).
[30] Midland. Water quality report, 2010. www.midlandtexas.gov/departments/utilities/pdf/WaterRpt2010.pdf (accessed June 2014).
[31] National Health and Medical Research Council. Australian drinking water guidelines, 2011. www.nhmrc.gov.au/_files_nhmrc/publications/
attachments/eh52_aust_drinking_water_guidelines_111130.pdf (accessed June 2014).
